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ABSTRACT

This work investigates important aeromechanics phrama affecting the V-22 tilt rotor in low speedesvard flight
or while hovering in quartering or crosswind coiatis. These phenomena, such as pitch-up with gidastl increased
power required in sideward flight, were identifiddring V-22 critical azimuth flight testing and ieqgted handling
gualities in this flight regime. Navier-Stokes camgtional fluid dynamics (CFD) calculations withrymg degrees of
modeling fidelity are presented and compared Witiht test data. In general, CFD predicts the fliggst trends as a
function of wind speed and direction in agreemeith wata. Detailed investigation clearly shows ithteraction of the
rotor wake with the airframe as the major causthefaeromechanics phenomena seen on the V-22ificktian of the
underlying flowfield physics allows investigationf @ptions for alleviation and prediction of futur@t rotor

configurations.

NOTATION

pitching moment coefficientM , /p(QR)* 27R*®
Co rotor torque coefficientQ/o(QR)* 7/R*

Cr rotor thrust coefficientT/ o(QR)* R?
airframe download divided by total thrust
hover tip Mach number

PUWSS pitch-up with sideslip

R rotor radius

TPP tilt equivalent tip path plane tikjn™(C,,R/C,Az)

Vo hover induced velocityy,, /C, /2

B wind azimuth, degrees

Az vertical distance between CG and rotor hub

0 blade collective angle at r/R = 0.75, 14 degrees
p air density

Q rotor rotational speed
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INTRODUCTION

Tilt rotor aircraft are recognized for their akhjlito
significantly change both the military and civiliaviation
transportation landscapes. The range and speed of a
turboprop airplane is augmented by the ability perate in
and out of confined areas like a helicopter. Failian
operations this means reduced impact on an already
overloaded airspace system and reduced infrasteuctu
costs. For military operations, increased payload @nge
with reduced aerial refueling operations are pdssithen
compared with helicopters currently performing g@me
remote area missions. Taking advantage of the dykc
mode capability allows tilt rotors to hover in piac
maneuver around an airfield at low speed, and atindu
shipboard operations with wind over the deck. Th@2v
Osprey is the first production military tilt rotaircraft.

The objective of this work is to investigate impot
aeromechanics phenomena affecting the V-22 tilbrrat
operations requiring low speed flight in any direstor
hovering in wind conditions. The two maneuvers are



aerodynamically equivalent and will be used
interchangeably. During V-22 critical azimuth fligiesting
designed to evaluate control margins and pilot Veadk
under such flight conditions, phenomena such ashqip
with sideslip (PUWSS) and increased power required
sideward flight were identified [1]. These phenomen
adversely impacted handling qualities in this flighgime.
Modifications to the flight control system were vagd in
order to restore full control authority without obing
control limits in multi-axis maneuvers. Also iddigd was a
sharp drop in power required in forward and readwhght
when passing though 25 knots.

However, there has been limited exploration to fifign
the detailed aerodynamic interactions involved [2k
revealed by computational fluid dynamics (CFD), tlaeise
of these phenomena is the interaction of the retakes
with the airframe. These interactions are somewpatific
to the V-22 configuration, having not been seemerhaps
recognized, on earlier tests of the XV-15 [3]. Nibiedess, it
is important to appreciate these phenomena wheseptrén
the operation of tilt rotors so that revisions tenmade to

standard operating procedures and flight operationshandling qualities flight

manuals. The design of future tilt rotors shouldoal
consider these interactions, with further reseaszjuired

on aircraft geometric characteristics that triggtre

phenomena. Such aerodynamic interactions are likely
play an important role in the ability of runway emkendent
aircraft to fit into the national airspace systemda
effectively maneuver around an airfield to theirstbe
advantage.

In addition to the available V-22 flight test dasayeral
experimental efforts have investigated rotor/airfea
interactions on tilt rotor aircraft. The majority this work
focused on no-wind hover. However, it is likely timver
in winds from varying azimuths is a more commoghHti
condition. McVeigh [4] investigated both no-wind dan
headwind hover conditions with no side winds. XV-15
flight testing [3] was performed for no-wind hover,
sideward, and rearward flight.

Manufacturing & Development (EMD) fuselage used in
flight testing in that the fuselage strakes areeahsthe aft
part of the sponsons are recontoured, and minenaatand
excrescence differences exist. The wing flaperatesis set

to 67 degrees in the CFD model, while flight testadwere
taken with a 72.5 degree setting. The differenciajperon
setting may change the download by up to 4% [9]e Th
effects of other geometric differences on critieaimuth
test conditions are expected to be minor.

The rotor blade geometry is a representation of the
NASA Tilt Rotor Aeroacoustics Model (TRAM) rotor Q1
The TRAM is an extensive wind tunnel model cond&dc
to facilitate future tilt rotor aeromechanics raska The
rotor geometry is a 0.25-scale 3-bladed V-22 rotith
geometric and dynamic scaling. The only geometric
differences are in the blade cuff region inboard26f%
blade radius.

CRITICAL AZIMUTH TESTING

As part of the overall V-22 Osprey EMD Program,
testing was performed to
demonstrate, among other things, critical azimuth
capabilities of the tilt rotor [1]. Initial testsese conducted
at sea level (Patuxent River, MD) followed by hidgnsity
altitude testing (Fort Huachuca, AZ) at ~7000 ft.Hoth
cases, light and heavy gross weight conditions were
demonstrated. Most conditions were flown using aepa
vehicle. Real time local wind measurements (speedl a
direction) were recorded. Handling quality trendgerev
deemed independent of density altitude. The V-22 wa
demonstrated in winds around the full 360° azimatid
speeds up to the 45 knots required by design s$petiins.
The V-22 in critical azimuth testing is shown irgéie 1.
Several differences in attitude and flight control
positions occur due to operational procedures ightfl
testing which are difficult to duplicate in a contgtional
model. In critical azimuth flight testing the V-Z@selage,
nacelles, and rotors are controlled to maintaioraft trim.

Previous computational work by the authors has show In order to maintain balance, the pitch attitude toé

that CFD can accurately predict both isolated riltor
performance and airframe loads for tilt rotor cguofations
in no-wind hover [5,6]. Tilt rotor CFD computatiorisy
other investigators have mainly been limited towiod
hover, predicting tilt rotor download [7,8]. Theegent
work extends earlier research to side wind conattio

V-22 CONFIGURATION

A computational model has been constructed of 2V-2
airframe configuration in hover. The fuselage is tull-
Scale Development (FSD) configuration generatechgusi
high-fidelity V-22 fuselage, wing, nacelles, andil ta
geometry. The FSD differs from the Engineering,

Figure 1 V-22 in critical azimuth flight testing.



fuselage naturally varies between —3 and +10 dsegaed
the roll attitude varies between +10 degrees tHmougthe
wind azimuth envelope. Power is controlled to ssbrr
thrust in order to balance weight, download, andheust.
Control of the rotors through collective and lateaad
longitudinal cyclic is used to maintain trim in sidlight
conditions. Longitudinal cyclic controls pitch, fdifential
longitudinal cyclic controls yaw, and differentiedllective
controls roll. Additionally, the gimbaled hub allewthe
rotor to flap. When approaching forward longitudistick
limits, the nacelles are programmed to automayicall
transition forward to 85 degrees. This creates tahjpig
moment and restores full authority to the flightntol
system. Aircraft center of gravity (CG) was varigdring
testing.

In the CFD calculations the fuselage pitch and roll

attitudes are maintained at zero. The collectivglea®, is
fixed at 14 degrees; therefore, the solutions atdrimmed
to a constant thrust or weight. In spite of thi® total rotor
thrust is relatively constant {& .015 £4%). Two hover tip
Mach numbers (M) were investigated. Maximum interim
(continuous) power at sea level corresponds tolaevaf
My, = 0.736 (104% Nr). A lower value of 0.625 (88% Nr)
was also investigated corresponding to TRAM expenis.
The rotor parameters M = 0.736 and® = 14 degrees
correspond to a V-22 medium gross weight at a digtsity
altitude or a high gross weight at sea level. Norroontrol
cyclic inputs were specified and rotor flapping rst
allowed. The nacelle angles are maintained at gfegs. In
the CFD moment calculations, the center of graigtat a
nominal location for hover. No attempt was maderim
the aircraft in the various flight conditions.

includes major modifications for time-dependergidibody
motion of components, in particular individual moyirotor
blades. Solutions are computed on structured, evgrids
using body-conforming “near-body” grids and autdosdly
generated Cartesian “off-body” grids in the waked an
farfield.

For spatial discretization, OVERFLOW-D uses
4™-order central differencing with artificial dissien. The
time-accurate analysis uses an implickotder algorithm in
the near-body grids and an explicl/f-8rder Runge-Kutta
scheme in the off-body grids. The Baldwin-Barth -one
equation turbulence model is used in the near-hyis,
which are assumed fully turbulent. Off-body gridee a
modeled as inviscid in order to reduce the numkrica
dissipation in the wake.

In the Chimera methodology, overset, structured-nea
body grids are generated about the geometry. Thplete
configuration, including the rotors, fuselage, aadelles, is
modeled as viscous. The near-body grids have garific
resolution and extent to capture wall-bounded wisco
effects. High resolution C-mesh topology blade grate
used. The V-22 surface grids are shown in Figuiféo2 the
moving rotors, the nacelle spinner rotates withiiiaeles.

Off-body Cartesian grid generation is automatically
performed by OVERFLOW-D. The finest off-body spagin
is 10% of the rotor tip chord. This level-1 off-bodrid
surrounds the rotors and the fuselage and capfweesake.
Progressively coarser levels are generated otietéatfield
boundary at 6.5 rotor radii from the center of thmain.
Freestream characteristic conditions are appliedthe
farfield outer boundary. Where grid points fall ides the
geometry, hole cutting is employed to blank outséhe

It can be expected that some of these geometric angoints. A streamwise cross-sectional cut throughvtblume

operational differences will affect the absoluteels of the
airframe and rotor parameters. For example, it lhasn
shown that fuselage pitch angle shifts the downleadus
headwind speed curve and modifies its shape sfifditl

METHODOLOGY

Two complementary CFD methodologies are applied to

the V-22 configuration in sideward flight. Both gelthe
unsteady Navier-Stokes equations, but with vargegrees
of modeling accuracy. The two codes offer the obsio

trade-offs between fidelity and speed, with known

advantages, disadvantages, and limitations.

OVERFLOW-D

A subset of CFD calculations use the Reynolds-
averaged Navier-Stokes code OVERFLOW-D [11]. It is
based on the OVERFLOW 1.6au code, which has been

continually developed at NASA and has been appted
wide range of fluid dynamics problems. OVERFLOW-D

grid system in Figure 3 shows the near- and offybgrids,
hole cuts, and overlap for half the V-22 configioat The
total number of grid points in the full-span V-22del is
47.6 million with 63% in the off-body grids. Morestdils
can be found in Reference 5.

Solutions are computed on large parallel computers
a network of PCs/workstations communicating witte th

Figure 2 OVERFLOW-D V-22 surface grids.
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Figure 3 Slice through OVERFLOW-D volume grids
(every third point). black — near-body, red — fineslevel
off-body, blue — coarser level off-body.

Message Passing Interface (MPI) protocol. Bothditvain
connectivity and flow solver modules have been lpized

for efficient, scalable computations using MPI.
OVERFLOW-D simulations were run on 128 processdrs o
either an IBM Power3 (375MHz) or Power4 (1.3 GHz)
supercomputer. Each rotor revolution requires Sobeadk
hours for 2400 iterations per revolution on the Belv
Domain connectivity accounts for 20% of the waltdo
time. Solutions run on the Power3 require 11 hques
rotor revolution: 2.2X slower.

Rot3DC

Rot3DC was used to simulate a more complete matrix
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Figure 4 Slice through Rot3DC volume grid.
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cells in the streamwise, spanwise, and normal tines,
respectively. Of the 2.37 million grid cells, 2.3%4,000)
are body cells. The mesh extends about 20 rotonatixs
from the aircraft CG in all directions. Freestreapmditions
are specified at the far field inlet boundariese Molume
grid is shown in Figure 4.

Rot3DC simulations were run on individual single
processor PC-class machines. The speed of the gsamse
used ranged from 700 MHz to 3.0 GHz. On a 2.4 GHz
machine, each equivalent rotor revolution requiBs
wallclock hours for 426 iterations.

CODE COMPARISON

OVERFLOW-D has the advantage of high geometric

of cases. Rot3DC is a CFD code developed by Sukraand physical modeling fidelity with time-dependembving

Helitek, Inc. and specializes in rotor applicatighg]. The

blades, wall bounded turbulent viscous layers, exatting

rotor is modeled using a momentum source techniquegrid resolution. These come at the expense of dereble

developed by Rajagopalan [13].
incompressible, Reynolds-averaged
equations for the computational domain with theorrot
momentum added as time-averaged source terms.oidre r
disk momentum jumps are determined by two-dimeradion
airfoil table lookup and then time-averaged arouhd
azimuth. The wake system continually feeds back the
rotor inflow characteristics. The SIMPLER algorittiv]

is used to solve the discretized Navier-Stokes s No
turbulence model
simulations.

Rot3DC solves theeffort and expertise for grid generation and probketup.
Navier-StokesComputational cost on large-scale parallel supeptaens

is prohibitive for engineering analyses. Rot3DC uiegp
minimal user setup, and grid generation is autothate
Computational cost is moderate on inexpensive singl
processor desktop PCs. The trade-off is a loweel led
geometric and physical modeling. Additionally, wall
bounded flows are not accurately captured withcadyb
conforming grids, viscous grid spacing, and a tlehce

was employed during the currentmodel. In cases where the detailed flow about thers is

less important or important only on a time-averabadis,

Rot3DC uses a structured Cartesian grid to model th actuator disk modeling is often sufficient [12].

entire computational domain. A body is represeriigda
blocked grid cell method. Cells which are markedady
cells have a no-slip, no-penetration condition eaplto
them. The Cartesian grid is simple to generatethmitnesh
must be very fine near the body to achieve a redsen
level of fidelity. The structured mesh has 152x1P8k

In this work, Rot3DC has been used to advantagerto
a fine matrix of test cases, varying wind speed and
direction. Apparent trends are investigated. OVEQW-D
has been used to compute a subset of conditiorts avit
thorough investigation of the flow physics mainlyav
flowfield visualization.



AEROMECHANICS PHENOMENA

During V-22 critical azimuth testing, several
aeromechanics phenomena were identified that aelyers
affected handling qualities. Independently, thenumeena
have been recognized in CFD calculations. CFD fenb
particularly useful in detailing the causes of peenomena.
In this work the following aeromechanics phenomaeiila
be specifically addressed:

— Pitch-up with side slip (PUWSS)

- Increasing power in sideward flight

- Forward/rearward flight

They will be discussed in the context of:

- Airframe download/thrust (DL/T) and equivalent
tip path plane (TPP) tilt

— Breakdown of airframe forces/moments by aircraft
component (wing, fuselage, nacelle, sponsons, tail)

- lIsolated fuselage characteristics

— Trends with wind speed and azimuth

— Trends with rotor tip speed

- Rotor performance and rotor-on-rotor effects

Figure 5 from V-22 critical azimuth flight testirid]
details the trends of several flight control partere as a
function of wind speed and direction. Figure 60afom

Reference 1, shows the power required in head and

tailwinds as a function of wind speed.
ANALYSIS AND DISCUSSION

All CFD solutions were run at a fixed 14 degrees
collective (G ~ 0.015), 0.25-scale V-22 (TRAM) Reynolds
number, 90° nacelle tilt, zero fuselage pitch anglkd no
trim considerations.

The Rot3DC matrix of runs includes wind speeds
ranging from 15 to 45 knots in 10-knot incrementishw
wind azimuths of 0, 45, 90, 135 and 180 degrees. In
addition, at 15 and 35 knots, wind azimuths of 8@ &0
degrees have been simulated. The tip Mach number wa
fixed at 0.625. Each run completes just over 14vedgnt
rotor revolutions. The results are time averagedHte last
seven revolutions. Rot3DC uses a table look-up oakfbr
the rotor airfoil properties, so a low Reynolds tem
airfoil table was used to model the blades. Thig #rfoil
table has proven to be very accurate for past rimageif
the TRAM rotors.

OVERFLOW-D simulations were run for 0, 45, 90,
135, and 180 degrees wind azimuth at a 35-knot sjrad
and 15 to 35 knots in 5-knot increments at O degree
azimuth. Two hover tip Mach numbers (0.625 and 6)73
were investigated, as well as cases with rotorstumoing.
The baseline condition for OVERFLOW-D is;M= 0.736
unless specified. Calculations with winds were iatéd
from hover or nearby wind conditions. In generalt@QL5
rotor revolutions are required to remove transiemten
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Figure 5 V-22 critical azimuth flight test data [1].
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parameters such as wind speed or direction aregedarll
time-averaged results are averages over at leasttds
revolutions. Sample time histories of rotor perfanoe and
airframe forces are shown in Figures 7 and 8, iy,
for a 35-knot wind speed as a function of wind aghm

Some conditions are steadier and would therefonee ha

improved handling qualities. Major oscillations &@eper
rotor revolution due to the 3-bladed rotors.

Pitch-up with Sideslip
PUWSS is a well-understood
the horizontal tail causing the aircraft to pitgh[@,2]. The

phenomenon is most critical with wind from +45°ramths,
although it is seen in a range from 30 to 70 degyréée

C;-upwind
C;-downwind
CQ-upwind
Cq-downwind
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0.0022
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Figure 7 OVERFLOW-D rotor performance time

histories as a function of wind azimuth, 35-knot wid.
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Figure 8 OVERFLOW-D airframe coefficient time
histories as a function of wind azimuth, 35-knot wid.

pitching moment generated must be counteracted. The
significant longitudinal stick displacement (longitnal
flapping), increased fuselage pitch attitude, abti i&acelle
tilt required are evident in the flight test dakagire 5) for
guartering headwinds with speeds greater than 2fskn
The V-22 flight control system is programmed td tile
nacelles forward 5 degrees automatically when todgial
cyclic and flapping limits are approached in thimdition.
PUWSS was not documented for the XV-15.

In the CFD calculations, PUWSS is noted as an
increase in airframe pitching moment,,&quilibrated to a

aeromechanics TPP tilt (longitudinal flapping) required to courdet the
phenomenon in which the upwind rotor wake impingas

moment. Equivalent TPP tilt is shown schematicaily
Figure 9 and determined from the following equation
TPP tilt =sin™*(C, R/C,Az)

Positive tip path plane tilt (flap down in fronpunteracts a
nose up pitching moment.

Rot3DC time-averaged DL/T and equivalent TPP tilt
are shown in Figure 10 as a function of wind dimeciand

fe
C;sin(TPP)
AR

0.20
0.15
g
£0.10
3
50.05
c
=
S0.00
0.05
—&— 15 knots
25 knots
—aA— 35 knots
—&— 45 knots

equivalent TPP tilt, deg.

0 45 90 135 180
wind azimuth, degrees

Figure 10 Rot3DC time-averaged airframe DL/T and
equivalent TPP tilt as a function of wind speed.



download/thrust

Figure 12 OVERFLOW-D time-dependent particle traces.
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Figure 11 Comparison of OVERFLOW-D and Rot3DC
time-averaged airframe DL/T and equivalent TPP tilt

equivalent TPP tilt, deg.
N

35-knot wind. 1 -

0 f f f f
speed. OVERFLOW-D time-averaged values are shown in 1 ﬂ ? E !
Figure 11 for a 35-knot wind speed, with and withadors. 2
Note that the pitch-up is not indicated in the fage-only 0 45 90 135 180
OVERFLOW-D calculations, where the rotor motion has wind azimuth, degrees

been turned off, indicating that this is an adverstr-
airframe interaction. Calculated pitch-up trende an
excellent agreement with flight test measuremeXitshow
maximum pitch-up at the 45° wind azimuth with syntrice
behavior about this azimuth. Rot3DC calculationsexily azimuth, although with significantly reduced magdé and
predict pronounced pitch-up characteristics fordvépeeds  consequences compared with the quartering headwind.
greater than 25 knots with increased severity asl wpeed PUWSS is known to be due to the rotor wake
increases. Outside the PUWSS region, in tailwind impinging on the empennage. CFD flow visualizations
conditions with the wind azimuth greater than 9GFD confirm this as seen in Figure 12. In this imagdraeted
predicts pitch-down characteristics. This corredatéth the  from a time-dependent OVERFLOW-D animation, pagscl
aft longitudinal stick, negative fuselage pitchitatte, and  released from the upwind (left) blade tips impacttioe aft
95° nacelle tilt in flight test. fuselage and empennage. Particles are colored lbgisee
OVERFLOW-D and Rot3DC results are directly time. Additionally, a breakdown of the OVERFLOW-D
compared in Figure 11. Download is in excelleneagrent  time-averaged DL/T and TPP tilt by airframe comptria
for these conditions, except for a disagreementthia Figure 13 indicates that the majority of the pitgh-does
headwind condition. OVERFLOW-D predicts more severe indeed come from the tail as well as the fuselage.
pitch-up than Rot3DC, by 1.7° TPP tilt, at the icat 45° OVERFLOW-D instantaneous (but representative)
azimuth. The maximum pitching moment is increasgd b pressure forces in the download direction, showRigure
17% as the hover tip Mach number is increased A5 14 as a function of wind azimuth, are further iadicn of
to 0.736 in OVERFLOW-D. However, the equivalent TPP the decreased lift or increased download on tHeatal aft
tilt is reduced by 14% for the higher tip Mach nnbA cargo ramp. Blue coloring on the configuration aades
minimum in TPP tilt occurs at a quartering 1359wand upload while red indicates download. Comparing likad

Figure 13 OVERFLOW-D time-averaged airframe DL/T
and equivalent TPP tilt by airframe component, 35-kot
wind.



and sidewind cases with the 45° quartering winduced
upload on the tail upper surface and increased adron
the tail lower surface and fuselage underside kagagnto
the pitch-up. From the pressures it is seen thatufpwind
(left) vertical tail blocks the wake from hittinghda
horizontal tail behind it.

Figure 15 shows the Rot3DC pressures on the bottorr

of the V-22 as a function of wind speed for theical 45°

wind azimuth. As a function of wind speed, presdorees
on the upper surface appear to have less of aat effethe
pitching moment than the bottom surface and areinavn.
When the freestream velocity is 15 knots, a regibifow

pressure (blue) is evident near the front of tlfiesiponson,
with the wind coming from the top left as indicates

wind speed increases the low pressure region ginsize
and moves toward the tail. When the freestreamcitglis

45 knots, the low pressure region envelops thelewdace
of the tail. This suction on the tail directly cdhtites to the
pitch-up as wind speed increases beyond 25 knots.

In an attempt to reduce the exposed area of the _& S

horizontal tail and increase its lift, the elevataas
deflected 60 degrees down as shown in Figure 16.nbise

up moment is reduced by 25% or 1.5° of equivaleAPT

tilt. This result is for the reduced tip speed;,M 0.625,

using OVERFLOW-D. The reduction in pitching moment

comes solely from the tail contribution. It is riatown if
this is a viable operational option for the V-224jieh has a
current 20° maximum elevator travel.

Increasing Power in Sideward Flight

Increased power requirements in sideward flightewer

revealed in V-22 EMD critical azimuth testing. $tseen in
Figure 5 that power required (mast torque) to howver
sidewinds is 10-20% higher than no/low-wind hovar.
constant high wind conditions the power requiredhdoer
increases drastically (up to 80%) as the wind dimac

moves from a headwind towards a sidewind. CFD lkyjlear

shows this to be an adverse rotor-fuselage inferadue to

an increase in airframe download. There may also be

adverse rotor-on-rotor interference.

The increase in power required in sideward fligéh c
be directly correlated with an increase in download
Download over thrust trends in Figures 10 and l1laas
function of wind azimuth are clear, and Rot3DC and
OVERFLOW-D are in good agreement on download

predictions. All wind speeds indicate increasing/Dlas
wind azimuth is increased up to the sidewind caoilit
Further increasing to 135° azimuth results in valsienilar
to 45°. From 135° to 180° the DL/T is roughly camdt
Although both CFD calculations predict a downloadai
tailwind compared with the upload in a headwinijH test
data indicate the power required in these two dandi is
approximately the same (Figure 6). These conditimay
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A
A

#

X
by

45 degrees 90 degrees 135 degrees

0 degrees

Figure 14 OVERFLOW-D instantaneous pressure force in download direatin as a function of wind azimuth,

35 knot wind, blue- upload, red— download, black line— zero contour, arrow— wind direction.
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Figure 15 Rot3DC time-averaged pressure as a funoh o
arrow — wind direction scaled by wind speed.

25 knots

be especially sensitive to fuselage pitch attitugbich is
not taken into account in the CFD.

Rot3DC calculations confirm that the increasing pow
in sideward flight phenomenon is exacerbated byeased
wind speed (Figure 10). As the freestream velogity
increased, both the DL/T magnitude at 90° and thpes
from 0° to 90° azimuth increase. For a wind spekE@%
knots with intermediate data points, the DL/T sharp
increases between a wind azimuth of 30 and 60 dsgre
Similar trends might be expected for 45 knots. Disienal
download at 90° azimuth is increased by 25% atwer
tip Mach number is increased from 0.625 to 0.736 i
OVERFLOW-D. Nondimensionally, the crosswind DL/T is
reduced by 10% for the higher rotor RPM.

Based on the component breakdown in Figure 13 and

the pressure forces in the download direction gufé 14, it
is seen that in a 35-knot headwind all parts ofainrame
are lifting. As the wind passes through 45° theoaglon the
wing upper surface and fuselage aft upper surfaoee h
changed to a download. At 90° the download duehto t
rotor wake on the wing upper surface is now sigatii.
The flat bottom lower surface of the fuselage aiss a
large influence, even more noticeable for reduamebhtip

Mach number (not shown). The suction on this serfac

steadily increases as the wind direction approadt¥s
While the download value at 135° is similar to 4%7,

7 @ sponson
6 Onacelle
o " M tail
o 5 Bwing
2,1 B fuselage
&
B3 e -
2+ - - --
Q
si v
20
1 45 45 with elevator

deflection

wind azimuth, degrees

Figure 16 OVERFLOW-D effect of elevator deflection
on PUWSS, M, = 0.625.

»

)

N N |

5

35 knots 45 knots
f wind speed, 45° wind azimuth, bottom view, lbe — low,

comparison, there is an increased contribution fribwe

wing due to the rotor wake impinging on the wingpep

surface and separation off the flap. There is allema
contribution from the fuselage ramp.

With a tailwind, wing download remains larger than
with a headwind. This is due to the wake and ftiltor
fountain remaining over the wing when rotor swirl
velocities are in opposition to the oncoming flowhis
effect is evident in Figure 17, which shows OVERR/D
velocity magnitude contours in a streamwise pldmeugh
the aircraft CG and a centerline plane for bottk86t head

nand tailwinds. For this reason the tailwind cas® ahows
significant unsteadiness in rotor and airframe derc
compared with a headwind (Figures 7 and 8).

Rot3DC average rotor Figure of Merit, normalized by
the headwind value, is shown in Figure 18 as atiomof
wind azimuth and speed. Although Figure of Meritais
measure of no-wind hover performance, it proviaesghts
into the effect of sideslip on the rotor performand his
plot indicates noticeably reduced rotor efficierioy a 90°
wind azimuth. Trends with wind speed are consistamt
show reduced efficiency for the sidewind conditiarth
increasing wind speed. The curves are relativelgnsgtric
about the sidewind case. For the 45-knot caseyidufl
upwind and downwind rotor performance is also shown
The upwind rotor performance improves slightly &g t
wind azimuth approaches 90° because the upwind sets
reduced interference from the downwind rotor. The
downwind rotor suffers significantly, operating ithe
induced downwash from the upwind rotor wake.
OVERFLOW-D calculated rotor performance remains
relatively constant or slightly increasing as achion of
wind azimuth for constant wind speed (e.g., Figtireand
does not indicate this trend for the downwind rotor

As expected there is a significant increase in fodee
on the fuselage as the wind approaches 90° (Fguréhe
side force divided by thrust in a 35-knot direaisswind is
0.105. This requires an equivalent 6° roll attitudi® the
wind to counteract.

The increasing power in sideward flight phenomenon
was not identified on the XV-15, possibly due tanare
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Figure 17 OVERFLOW-D velocity magnitude contours in
plane, 3t-knot head and tailwinds, blue- low, red - high.

rounded fuselage shape. It is noted that for th22\the
unpowered airframe shows a trend of increased dmwnl
with sidewind (Figure 11), but this phenomena igniked

by the rotor downwash impinging on the wing uppeface
and causing additional suction on the fuselage fowe
surface. The consequences of this rotor-fuselatgeaiction
are significant. Developing an experimental modiek tcan
be turned through 180° of sideslip without inteirigrwith
the fuselage flowfield is difficult. CFD calculatie have
shown this to be a tractable problem, implying thatire
fuselage shapes can be investigated provided
interactions are included. Adverse rotor-on-rotor
interference is not supported by the XV-15 datal @¥D
results are contradictory. In flight the roll aitie of the

1.05
1.00
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o
?
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—a&— 35 knots LY ’ |
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45 90
wind azimuth, degrees

180

Figure 18 Rot3DC normalized Figure of Merit as a
function of wind azimuth and speed.

tailwind
a streamwise plane at the aircraft CG and a centkne

aircraft may reduce the sidewind rotor-on-rotoeiférence
due to separation of the wakes.

Forward/Rearward Flight

In forward and rearward flight (0°/180° azimuth)rs®
interesting aeromechanics phenomena occur. Arou2g- a
knot wind speed, the V-22 flight test power reqdir®
hover drops dramatically within 5 knots (Figure S)milar
trends were seen on the XV-15 starting at 20 kifigks

rotoWVind tunnel tests by McVeigh [4] on a 0.15-scal¥-

with 0.71 hover tip Mach number show a more gradual
reduction in DL/T starting around 13 knots. Thetigatar
speed is a function of the fuselage pitch attitUuels. zero
pitch attitude, the wind tunnel model airframe getes lift
starting around 27 knots. Both flight test and windnel
experiment indicate at least a 10% increase in powe
required or DL/T above no-wind hover values justobe
the decrease. The reasons for the sharp reductidiiglit
test power required and precursory rise are narcle

CFD predicted DL/T values are shown in Figure 19 as
a function of normalized headwind speed. The wipeesl
is normalized by the hover induced velocity in orde
account for the significant differences is rotgr speed. For
OVERFLOW-D a moderate decrease in DL/T is calcdlate
starting around 20 knots. A substantial increase lyefore
this download reduction is not predicted as inhiligind
wind tunnel test. OVERFLOW-D and Rot3DC predict
similar initial DL/T values for low wind speeds.
OVERFLOW-D shows a steepening trend at higher wind
speeds, while Rot3DC results are more gradual. Wind
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tunnel test data [4] are also plotted and show an

intermediate trend. None of these DL/T slopes arsteep
as the sharp reduction in flight test mast tordeigure 6).

Both CFD codes predict an upload generated by the

airframe starting at 30 knots, in general agreemwith
wind tunnel and flight test data. It is suspecthdt tthe
disagreement between Rot3DC and OVERFLOW-D in
headwind conditions is related to the lack of getime
fidelity in Rot3DC. Head on, the V-22 presents areno
streamlined shape compared with sideslip conditiamsi
the aerodynamics are more subtle.

The physical mechanism for the reduction in dowtloa
is related to the wake being gradually convectest pize
wing. This is apparent when examining the CFD vigloc
flowfields generated by OVERFLOW-D in Figure 20.€Th
plots depict the rotor wakes in a streamwise plan¢he
aircraft CG (through the rotor centers) and a sjsaplane
at 55% wing semispan. The flowfields are generally
laterally symmetric, except in hover [5]. The imtetion of
the rotor wake with the fuselage is shown. In ug%eknot
winds, the tilt rotor fountain is over the fuselaged the
flow underneath the wing is recirculating, both atieg
significant download. Starting at 20 knots the roiake
begins to be convected past the upper and lowéacas of
the wing. By 25 knots half the wing undersurfacenisa
clean flowfield. The airframe begins lifting at &Bots. At
35 knots a large percentage of the upper and lovireg
surfaces are undisturbed by the rotor wake exceat the
nacelle.

0.14 ~ —— OVERFLOW-D - 1.1
13 knots + R0t3DC
012 + @& - Wind Tunnel Test [4]
0.10 1 . Bﬁi\t:l **** DL/T: solid lines I's
5 knots . H

g 0.08 1°2 klgtsT‘ NN power: dashed lines g
Ft 0.06 - \ ] - 0.9 g
R . e g
é 0.02 1088
£ 0.00 : g

-0.02 - +078

-0.04 1 45 kngts

-0.06 0.6

0.2 0.4 0.6 0.8 1.0 1.2 1.4

normalized wind speed

Figure 19 Rot3DC and OVERFLOW-D DL/T and
normalized power required as a function of normalied
headwind speed.

thrust (~0.025¢). Power increments are calculated
assuming constant Figure of Merit (FM) at each vépded.
Because FM is steadily increasing with wind spgemyer
required follows a gradual trend. No sharp dropamwer is
seen as with the flight test data. As depictedhia flow
visualization, the wake moves across the wing d#ead
reducing download. Similarly, lift generated by théng
should increase at a rate proportional to the sqoérthe
wind speed with no abrupt increases.

Critical azimuth flight testing indicates that atet
transition speed there is considerable lateralabibty,
perhaps generated by asymmetric shedding of the wtk

CFD-predicted power required normalized to the the wing [1]. This power reduction phenomenon and
15-knot headwind value is also shown in Figure %9 a overshoot precursor may, therefore, be a compléar—o
dashed lines. Power required is calculated as rtheiqied airframe interaction, possibly related to pitchitatte and
rotor torque corresponding to a fixed gross weightnacelle tilt, which are not modeled in the CFD. ldwer,
(Cw=GCr=0.015) plus an increment in power to understanding this phenomenon may assist ongoing
download reduction efforts.

compensate for the calculated download and estihjate

DR
15 knots 20 knots 35 knots

Figure 20 OVERFLOW-D velocity magnitude contours ina streamwise plane at the aircraft CG and a spanwse
plane at 55% wing semispan as a function of headwingpeed, blue — low, red — high.

spanwis

25 knots
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CONCLUSIONS

Aeromechanics phenomena affecting the V-22 tilbrot
in low speed flight or while hovering in wind frowarying
azimuths have been investigated using computatithmial
dynamics. Results have been compared with availsiolé
tunnel and V-22 flight test data, although head¢ad
comparisons were generally not possible. The fdoligw
conclusions are made from the results presented:

OVERFLOW-D solutions are probably required for
detailed investigation of flowfield physics and mor
accurate airframe predictions.

Overall, CFD is an effective tool for predicting
complex rotor-airframe interactions on new and euoiritilt
rotor configurations in sideward flight for reducedk in
design and flight test. Complex aeromechanics pinena
can be best explained using a combination of aréra
forces and moments, rotor performance, and detailed

Pitch-up with sideslip (PUWSS) is caused by an flowfield visualization.

adverse interaction of the rotor wake impingingtioa

aft fuselage and empennage. It is not presenttor-ro
off fuselage characteristics. Large down elevator
deflections mitigate the phenomenon.
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» Airframe pitch characteristics are in
agreement between CFD and flight test, with wind
azimuth and speed trends correctly captured: marimu
pitch-up at 45 degrees wind azimuth, increasedridgve

with wind speed, and pitch-down in tailwinds. 1.

* Increasing power in sideward flight is caused by
significantly increased download on the wing upper
surface and fuselage flat lower surface, exacedbaye
increased wind speed. Rotor-on-rotor
effects may exist, but CFD and flight test data2@/-
XV-15) are contradictory.

» For forward flight, a sharp reduction in power regd 3.

in V-22 flight test at a particular headwind speed a
precursory overshoot are not captured by CFD. DL/T
and power required are shown to present a more
gradual trend with increasing wind speed.

OVERFLOW-D and Rot3DC offer complementary 4.

CFD capabilities to investigate aeromechanics pimema.
OVERFLOW-D obtains high-fidelity, turbulent, moving
body computations at considerable cost, while R&t2Bes
lower geometric and physical fidelity, including a

momentum source actuator disk, for fast turnaroond 5.

commodity computers. For low speed tilt rotor arafy the
following conclusions regarding code comparisonraagle:

 Download calculations as a function of wind azimuth

are in excellent agreement between Rot3DC and6.

OVERFLOW-D, except for headwind conditions,
which are only in fair agreement. Pitch charactiess
compare well.

» Rot3DC offers sufficient accuracy to determine

airframe force and moment trends at a low cost. It7.

would most likely be used for preliminary analyaisd
design. However, due to modeling fidelity,
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